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Stereoscopic vision: Which parts of the brain are involved?
Ralph D. Freeman
Neurons of the visual system that exhibit depth
specificity are prevalent in the medial temporal region
of the cerebral cortex. Electrical activation of these cells
can bias an observer’s depth estimates, indicating that
they play an important role in depth perception. 
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Our two eyes provide two distinct views of the world, and
this is the basis for stereoscopic depth perception. Exter-
nal space is projected onto the retinae of both eyes as two-
dimensional images. The brain fuses these two images,
and because each is slightly displaced with respect to the
other — a phenomenon known as retinal disparity — the
relative and absolute depths of objects in space are per-
ceived. This facility for binocular depth perception aids
visual perception in more general ways. It assists in shape-
recognition of objects and it also is important for viewing
objects in motion, because it permits an assessment of tra-
jectories through space.
Although a considerable amount of behavioral data on
processes involved in stereoscopic depth perception have
been available for many years, the physiological mecha-
nisms are still being actively explored. The seminal neuro-
physiological studies were conducted on the primary
visual cortex. In this work, it was shown that cells in
area 17 of the cat (V1 in primates) often respond selec-
tively to objects at specific distances from the animal
under study [1,2]. This work on anesthetized, paralyzed
cats was supplanted by pioneering investigations of alert,
behaving monkeys in which specific cell response types
were identified. Some cells responded selectively to
distances either closer to or further away than the fixation
point. Others elicited excitation or inhibition at the fixa-
tion distance [3]. Later, additional categories were added
for intermediate distances [4]. 
The idea, suggested by these observations, that neurons
involved in stereoscopic depth perception fall into
discrete categories of disparity selectivity is at odds with
the behavioral observation that preferred disparities are
perceived in a continuous fashion. As the discrete
categories have been identified in primary and secondary
visual cortex (V1 and V2), it is possible that the smoothing
that underlies continuous disparity perception occurs in
other cortical areas. It is more likely however, as noted
previously [5,6], that disparity-sensitive neurons respond
to a continuum of distance preferences.
The issue of whether a given area of cortex plays a specific
role in stereopsis raises a broader question. Which areas of
the visual cortex are involved in stereoscopic depth
discrimination? The original work with non-human
primates was carried out on primary (V1 or area 17) and
secondary (V2 or area 18) visual cortex. In the macaque
monkey, the initial finding was that cells sensitive to
binocular depth were located in V2 but not in V1 [7].
Later reports gave clear evidence of disparity processing
in both V1 and V2 [3,4]. Cells involved in binocular dispar-
ity processing have also been found in other cortical areas,
including V3 [8] and the medial superior temporal area
(MST) [9]. Another area, MT (middle temporal or V5),
which is well-known to be important in the processing of
visual motion [10], has also been shown to contain neurons
sensitive to binocular disparity [11].
The disparity-selective properties of neurons in MT have
recently been examined more carefully [12]. Although, as
noted above, MT had been studied previously with
respect to disparity sensitivity, the basic organization and
details of this function had not been established. The
approach used by DeAngelis and Newsome [12] was to
make microelectrode penetrations either normal to the
surface or at an angle so that clusters of cells with similar
response characteristics could be identified. This allowed
inferences to be made about the functional columnar
organization, in which neurons with similar response prop-
erties are clustered together in localized cortical regions
perpendicular to the cortical surface. 
Alert macaque monkeys were trained to fixate a point at
the center of a visual display. Patterns of moving random
dots were used as stimuli, and red and green filters
enabled presentations in depth. Measurements were
made of single cell activity by recording the times of
occurrence of action potentials from isolated individual
neurons. Signals from multiple cells were also measured.
Multiple neuron events were defined arbitrarily by noting
a change in analog voltage with a window discriminator
system, which allows the real-time monitoring of action
potentials from individual neurons. The change in ampli-
tude was converted to one of frequency expressed in
events per second to allow direct comparisons with data
from individual neurons. At each recording site, measure-
ments were made of direction, horizontal disparity and
size selectivities. Attempts were made to record single and
multiple cell activities simultaneously, making it possible
to determine whether cells are clustered according to dis-
parity preference [13].
Typical data from these measurements are illustrated in
Figure 1. In each case, curves are shown for changes in
single cell (dashed red lines) or multiple cell (solid blue
lines) activity as a function of horizontal disparity of the
visual stimuli. In Figure 1a, both single and multiple cell
responses peak on the ‘far’ side of zero disparity. This
type of response pattern has been described in previous
work as ‘tuned-far’ — that is, the cells are tuned to a dis-
tance just beyond the fixation plane [4]. Similar response
patterns are seen in Figure 1b, only in this case, the cells
are tuned for a distance in front of the fixation plane
(‘tuned-near’) [4]. The response patterns in Figure 1c and
Figure 1d have also been well described in previous work
[3]. They show relatively high responses for ranges of far
(c) or near (d) distances relative to the fixation plane. 
Note that, for all the response patterns of Figure 1, the
shapes of the curves are quite similar for the single cell
and multiple cell data. Although there is variability in this
respect in the population of cells studied by DeAngelis
and Newsome [12], the general pattern of similarity is
close. This pattern holds even though an attempt was
made to exclude the single cell action potentials from
being measured in the multiple neuron responses. In this
way, the multiple cell responses represent the combined
activity of a number of cells close to, but not including,
the single cell that is measured separately. 
Although the shapes of the curves in Figure 1 are
similar, in each case the single cell response is more
clearly tuned for disparity than are the multiple cell
responses. Part of this difference is methodological
because, as noted above, specific single cell responses
were omitted from the multiple neuron data. The single
cell and multiple neuron curves are, however, clearly
well-matched in the disparities at which there is strong
or poor tuning. It seems clear from these results that the
multiple cell data represent the combined activities of
single cells that are tuned to similar disparities. In other
words, neurons in MT are clustered according to specific
disparity tuning similarities.
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Schematized response functions are shown for single cell (dashed red
lines) and multiple neuron (solid blue lines) responses as a function of
horizontal disparity (the relative separation of left and right eye
images). The curves show: (a) ‘tuned-far’, (b) ‘tuned-near’, (c) ‘far’ and
(d) ‘near’ response patterns. The implication is that these cells
respond to stimuli that are further away from the fixation plane (‘far’
and ‘tuned-far’) or are nearer to the observer than to the fixation plane
(‘near’ and ‘tuned-near’). Note that, although the single cell data are
more sharply tuned than those for multiple neurons, the curves have
very similar tuning characteristics.
Figure 2
Tuning characteristics as a function of
progressively increasing distance between
recording sites in area MT. Note the smooth
transition between sites for microelectrode
penetrations oblique (solid blue lines) or
perpendicular (dashed red lines) to the cortical
surface. For a systematic mapping of a given
response parameter, oblique penetrations
should be similar for adjacent recording sites
and dissimilar for sites that are distant from one
another. This clearly holds for oblique
penetrations. Perpendicular penetrations are
much flatter and exhibit only minimal changes
between recording sites. Data are included for
two response variables: (a) disparity and
(b) direction. The tuning characteristics
are quite similar for these two parameters,
suggesting an approximately equal spatial scale. 
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The clustering of disparity tuning, discussed above, repre-
sents one level of organization. To determine the overall
functional structure and to make inferences about colum-
nar organization, it is necessary to know how disparity
selectivity varies with distance between successive record-
ing sites. Two types of microelectrode penetration are
required for this, one perpendicular to the surface and
another at an oblique angle. If there is a systematic
mapping across the surface of the cortical area under study
— MT in this case — then, for oblique electrode penetra-
tions, tuning values should be similar for neighboring
recording sites and dissimilar for those at a distance. 
Figure 2 addresses this issue. Figure 2a shows how, for
oblique penetrations (solid blue line), disparity tuning
changes smoothly across recording sites. These changes
are progressively larger with increasing distance between
the sites. There is also a smooth transition of values for the
perpendicular penetrations (dashed red line), but the rate
of change of values is much reduced and the curve is rela-
tively flat. A very similar pattern is seen with direction
tuning data (Figure 2b). For both direction and disparity,
tuning values vary much more rapidly with oblique pene-
trations than with perpendicular penetrations. Further-
more, the values vary in a similar way for direction and
disparity, suggesting that these variables are organized
across the surface of MT on a similar spatial scale. These
results are consistent with the notion that MT has colum-
nar organization for both direction and disparity, as sug-
gested previously [11]. 
The results described above show clearly that there is an
organized columnar structure for disparity-tuned neurons
in area MT. This is a necessary, though not sufficient,
condition for this visual area to play a part in the analysis
and processing of stereoscopic information. It is possible,
for example, that this characteristic represents receptive
field properties which are not connected to stereoscopic
function. But by studying the behavioral responses of an
awake behaving monkey, while recording from neurons in
MT, it is possible to make strong inferences about the
functional significance of disparity selective cells.
This approach was used recently to investigate the role of
MT neurons in stereoscopic depth perception [14]. In pre-
vious work, it was shown that electrical microstimulation
of a column of direction-sensitive MT neurons can cause a
perceptual bias toward the direction preferred by the
activated cells [15]. DeAngelis et al. [14] similarly investi-
gated the effect of localized microstimulation on disparity
discrimination. To do this, monkeys viewed a display on
which random dots were presented. A portion of these
dots were presented at a ‘near’ or a ‘far’ disparity, one of
which was matched to the preference of the recorded
cells. The monkey reported seeing a ‘near’ or ‘far’ stimu-
lus by making an eye movement to one of two targets.
The task’s difficulty could be adjusted by varying the pro-
portion of the dots at the requisite disparity. If microstim-
ulation improves the relevant signals used by the monkey
to make a depth judgement, then there should be
improved performance for a given disparity-depth task
during electrical stimulation.
An illustration of the results obtained in this study is
shown in Figure 3. Figure 3a shows a disparity tuning
curve, similar to the one depicted in Figure 1c. In this
case, the cell clearly is a ‘far’ type — it responds best to
stimuli that are further away than the fixation plane.
(Although the curve shown represents a single cell, the
results of the study were obtained for multiple neuron
recordings). The behavioral discrimination task was set up
so that the monkey chose between the two disparities
indicated by the two arrows in Figure 1a. Typical results
of the behavioral task are shown in Figure 3b. The hori-
zontal disparity values range from the ‘near’ disparities not
preferred by the cell through to those ‘far’ disparities to
which the cell is tuned. The curves show the behavioral
performance with (solid blue curve) and without (dashed
red curve) microstimulation. Clearly, the performance was
improved by electrical stimulation. For most of the cells
Figure 3
Results of a behavioral test during which
electrical microstimulation was applied to a
presumed disparity column in area MT of an
awake behaving monkey. In (a), a response
curve is shown for a neuron in MT that
responds selectively to ‘far’ distances. A
behavioral discrimination task is then
employed in which the monkey is trained to
indicate a preference for one of two
disparities indicated by the arrows. In (b),
results are shown for the behavioral test
where the preferred disparity is that indicated
by the arrow to the right in (a); the non-
preferred disparity is that indicated by the
arrow to the left in (a). The results of the
behavioral test, shown in (b), are for
conditions with (solid blue line) or without
(dashed red line) electrical microstimulation.
Performance is clearly better with stimulation.
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studied, this was a consistent result. Electrical stimulation
of columns of disparity-selective cells in MT caused a pre-
dictable bias in the perceptual depth judgements of
monkeys, which matched the disparity tuning of the cells
at the site of stimulation.
Considered together, these results show that MT neurons
are often strongly tuned for binocular disparity. The fact
that electrical microstimulation of these cells causes pre-
dictable behavioral biases in depth judgements provides
compelling evidence that the cells are an important part of
the neural mechanism for depth discrimination. We still
do not know what specific roles in depth perception are
played by different regions of the cerebral cortex. Con-
sider, for example the processing of absolute and relative
disparities (absolute disparity is the distance of an object
from the fixation plane, whereas relative disparity refers to
the distance between two objects in space). There is some
recent evidence that neurons in V1 respond primarily to
absolute rather than relative disparity. V2, on the other
hand, may respond to relative as well as to absolute dispar-
ity [16]. Further studies are required to sort out the roles
that neurons in various areas of the cerebral cortex play in
the processing of stereoscopic depth. 
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